We evaluated varietal differences in everbearing strawberry (Fragaria × ananassa Duch.) and selection indicators of flowering pattern by investigating the numbers of inflorescences and individual flowers together with their flowering dates from spring to autumn. Highly significant (P < 0.001) differences among varieties in these traits indicate a genetic basis for the strength of everbearing. The results suggest that parentage is involved in the strength of everbearing. Varieties in the 'Oishi-shikinari' lineage flowered earlier in summer, with fewer leaves emerging between spring and summer inflorescences, and had more inflorescences than the 'Kaho' and F. virginiana Duch. ssp. glauca (Wats.) Staudt lineages. The earliness of flowering of June-bearing parents in spring also seemed to influence their offspring's first flowering date of summer inflorescences. Thus, the use of early-flowering June-bearers may facilitate the breeding of strong everbearing varieties. These lines of evidence suggest that the choice of mating parents is crucial for breeding focused on the 'strength' of everbearing. Significant correlations (r = −0.65 to −0.78) were found between two phenological traits (the first flowering date of summer inflorescences and the number of leaves emerging between spring and summer inflorescences) and traits representing the strength of everbearing, including the numbers of inflorescences and individual flowers. These results suggest the appropriateness of those phenological traits as selection indicators for the flowering pattern of everbearing.
Introduction
In recent years, everbearing strawberries (Fragaria × ananassa Duch.) have attracted attention because they can fruit even in summer and autumn under natural conditions (Takahashi, 2006) . There are variations in the total number of inflorescences and in the time interval between flowerings among everbearing varieties. Nishiyama et al. (2009) found that the critical photoperiods for inflorescence production at high temperature differed among everbearing varieties. Varieties which flower continuously are often described as 'strong' everbearers, and the rest as 'intermediate' or 'weak' (Bringhurst et al., 1989; Nicoll and Galletta, 1987; Okimura and Igarashi, 1996) .
In the culture of strong everbearing varieties, labor-intensive flower or inflorescence thinning is often required to prevent the depression of plant vigor. At the other extreme, a weak everbearing habit can result in an unstable yield. Varieties with a moderate degree of everbearing may be preferable. In the breeding of such strawberries, it would be convenient to have an indicator for selecting the desirable flowering pattern at an early stage. Okimura and Igarashi (1996) reported that two everbearing varieties empirically evaluated as weak expanded more leaves than a strong variety between the flowering of the spring inflorescence, which was differentiated in the previous year, and the first flowering of the subsequent summer inflorescences, which were differentiated in the current year. In addition, the summer inflorescences of the weak varieties flowered later than those of the strong variety. These leaf and flowering phenology characteristics may be useful for the selection of everbearing strength without the need to observe flowering pattern throughout the season. However, Okimura and Igarashi (1996) studied only three varieties, and it is necessary to investigate more varieties to verify this generalization. The purpose of this study was to obtain information for breeding focused on the flowering pattern of everbearing. In 2007, to confirm that there were significant differences among varieties/lines in the first flowering date of summer inflorescences and the number of leaves emerging between spring and summer inflorescences, we investigated these traits for 30 everbearing varieties/lines in a common garden experiment. In 2008, we selected 12 representative varieties and investigated the numbers of inflorescences and individual flowers from spring to autumn, their flowering dates, and the number of leaves emerging between spring and summer inflorescences. We discuss varietal differences in the strength of everbearing and factors related to it, and confirm the relationship between the leaf and flowering phenology characteristics and traits representing the strength of everbearing.
Materials and Methods
This study was conducted in a field at the National Agricultural Research Center for Tohoku Region (NARCT), in Morioka city (39°46'N, 141°8'E), northern Japan. Northern Japan is relatively cool even in summer (Fig. 1) , and is the main production area of everbearing strawberries in Japan.
On 25 September 2006, eight plants each of 30 everbearing varieties/lines (18 lines bred at NARCT and 12 varieties; Fig. 2 ) were planted in a random design at 25 cm apart in rows of 140 cm width. In 2007, we recorded the first flowering date of summer inflorescences and the number of leaves emerging between spring and summer inflorescences of the main bud of each plant under the natural photoperiod. We analyzed the variation in these traits among varieties/lines by oneway analysis of variance (ANOVA) and calculated the broad-sense heritability (h 2 ) by dividing genotypic variance by total variance.
In 2008, we investigated 12 everbearing varieties, including current leading ones and newly released ones (Table 1) : 11 from the varieties used in 2007, plus 'Summer-princess'. Eight of the varieties are descended from 'Oishi-shikinari', 'Kaho', or both, which are major sources of Japanese everbearing varieties. 'Selva', 'Enrai', 'Dekoruju', and 'Summer-candy' have F. virginiana ssp. glauca in their ancestry. Although some 40 perpetual strawberries derived from F. virginiana ssp. glauca in North America are often referred to as dayneutrals, recent studies suggest that both everbearers (being older varieties with a long-day flowering response) and so-called day-neutrals shows a similar flowering pattern under various temperature and daylength conditions and are not distinguished clearly (Nishiyama and Kanahama, 2002; Sønsteby and Heide, 2007a, b; Taimatsu, 1993) . We thus use the terminology "everbearing" for varieties with varying pedigrees in this study according to Sønsteby and Heide (2007b) . Seven plants per variety were planted as above on 4 October 2007. We recorded the opening date of each flower of all inflorescences on each plant from April to September in 2008. Flowers were removed after each observation to reduce fruit load. We counted the number of leaves emerging between the spring and subsequent summer inflorescences.
We tallied the numbers of flowers and inflorescences every 10 days, from late April, through early, mid, and late May, to late September. We analyzed the variation in each trait (Table 2) among varieties by one-way ANOVA and Tukey-Kramer test, and calculated h 2 . To summarize the factors contributing to variability among varieties, we conducted principal component (PC) analysis based on the correlation matrix of mean values of measured traits in Table 2 and the numbers of newly opened inflorescences and individual flowers in every 10-day period. These statistics were calculated with JMP4.0 software (SAS Institute Inc., Cary, USA). We Table 2 . Mean values and broad-sense heritability (h 2 ) values of leaf and flowering phenology traits of 12 everbearing varieties of strawberry.
z Values indicate the number of days from April 21. y "Spring inflorescences" are those that opened in spring and were considered to be diferentiated in the previous year. "Summer and autumn inflorescences" are those that opened during summer and autumn and were considered to be diferentiated in the current year. x The number of 10-day periods out of 16 such periods from late April, through early, mid, and late May, to late September. w Values followed by different letters are significantly different (P < 0.05) by Tukey-Kramer test. *** P < 0.001. NS, not significant. examined the correlations between each of three phenological traits (the first flowering dates of the spring and subsequent summer inflorescences, and the number of leaves emerging between the spring and summer inflorescences) and each of four traits representing the strength of everbearing (total number of inflorescences per plant, number of summer and autumn inflorescences, number of individual flowers, and number of 10-day periods during which new inflorescences flowered), to test the formers' suitability as selection indicators of everbearing. The term "summer and autumn inflorescences" indicates the inflorescences that opened during summer and autumn and were considered to be differentiated in the same year. In addition, to analyze the relationship between the earliness of flowering of June-bearing parents in spring and the earliness of their everbearing progeny, we examined the first flowering dates of five June-bearing varieties ('Kitanokagayaki', 'Nyoho', 'Pajaro', 'Sachinoka', and 'Tochiotome'), which are the parents of the varieties analyzed in this study (Table 1) . These June-bearing varieties were planted as above. In all statistical analyses of 2007 and 2008, the flowering dates were represented by the number of days from April 21, the date when the earliest flowers among all the tested varieties had opened in the spring of 2008.
Results
In 2007, both the first flowering date of summer inflorescences and the number of leaves emerging between spring and summer inflorescences differed significantly among varieties/lines (P < 0.01; Fig. 2) . The mean values of the former ranged from 56.5 in '04-011e' to 83.6 in 'Morioka-26', and those of the latter ranged from 3.5 in 'Pechka' to 7.3 in 'Appelever'. The h 2 values for these traits were 0.55 and 0.51, respectively. Varieties/ lines descended from 'Oishi-shikinari' tended to flower earlier, with fewer emerged leaves, than 'Kaho' and F. virginiana ssp. glauca lineages.
In 2008, highly significant (P < 0.001) differences among varieties were found in all traits listed in Table 2 except for the first flowering date of the spring inflorescences. The number of flowers per inflorescence had the highest broad-sense heritability (0.71), and h 2 values of the first flowering date of summer inflorescences (0.48) and of the number of leaves emerging between spring and summer inflorescences (0.54) were similar to the values in 2007. These two traits were significantly correlated between years (Fig. 3) .
PC analysis indicated that the first three PCs provided a good summary of the data, accounting for 67.3% of the total variance (Table 3 ). The most important variables, integrated by PC1 (44.5%), were the total number of inflorescences per plant, the number of summer and autumn inflorescences, the number of individual flowers, and the number of 10-day periods during which new inflorescences flowered, followed closely by the numbers of newly opened inflorescences in late August and of individual flowers on those inflorescences in early and mid-September. Thus, PC1 summarized quantitatively measured traits involved in the strength of everbearing, and indicated that the everbearing habits of 'Dekoruju', 'Natsuakari', 'Appelever', and 'Selva' were weak, while those of 'Pechka', 'Ever-berry', 'Tochihitomi', and 'Oishishikinari' was strong (Fig. 4) . PC2 (12.4%) and PC3 (10.4%) were associated respectively with the number of flowers per inflorescence and the number of newly opened flowers in early May. As in 2007, varieties in the 'Oishi-shikinari' lineage showed stronger everbearing (PC1) than those in the 'Kaho' and F. virginiana ssp. glauca lineages. 'Sachinoka' had the earliest mean first flowering date among June-bearing varieties (5.4), followed by 'Tochiotome' (8.4), 'Nyoho' (10.6), 'Kitanokagayaki' (14.0), and 'Pajaro' (18.4) . These dates were significantly correlated with the first flowering date of the offspring's summer inflorescences (r = 0.98) and total number of inflorescences (r = −0.93; Fig. 5 ).
Significant correlations (r = −0.65 to −0.78, P < 0.01 or P < 0.05) were found between two phenological traits (first flowering date of summer inflorescences and number of leaves emerging between spring and summer inflorescences) and four traits representing the strength of everbearing (Table 4 ). In contrast, the first flowering date of the spring inflorescences was not significantly correlated with the latter traits.
Discussion
Traits involved in the everbearing flowering pattern showed highly significant variation among varieties (Table 2) , indicating a genetic basis. PC1, representing the strength of everbearing, indicated the involvement of lineages (Fig. 4) : varieties in the 'Oishi-shikinari' lineage showed stronger everbearing than those in the 'Kaho' and F. virginiana ssp. glauca lineages. This difference was also supported by the 2007 data; the former tended to flower earlier in summer, with fewer emerging leaves between spring and summer inflores- . Scatter diagram of scores for the first and second principal components (PCs) of 12 everbearing strawberry varieties. PC1 and PC2 explain 44.5% and 12.4%, respectively, of the total variation. Numbers correspond to variety numbers in Table 1 .
cences, than the latter (Fig. 2) . This pattern was a characteristic of everbearers that grew more inflorescences (Table 4 ). Taimatsu (1993) reported that the continuity of flowering was stronger in the everbearing variety 'Miyoshi', which is descended from 'Oishishikinari', than in 'Summer-berry'. Nishiyama et al. (2009) revealed that flower bud initiation was inhibited under a photoperiod of ≤14 h in 'Kaho' and ≤13 h in 'Oishi-shikinari' under a temperature regime of 30°C during the day (06:00-18:00) and 25°C at night (18:00-06:00). Similarly, the critical photoperiod of 'Selva', which is descended from F. virginiana ssp. glauca, was 14 h at day/night temperatures of 30/25°C (Nishiyama et al., 2007) . These differences in critical photoperiod under high temperatures might strongly influence flowering in summer and autumn. On the other hand, Taimatsu (1993) reported that the first flowering dates of summer inflorescences did not differ among 'Kaho', 'Summer-berry', and 'Oishi-shikinari'. Indeed, we found no significant difference in flowering date between 'Summer-berry' and 'Oishi-shikinari', because the date of 'Summer-berry' was the earliest among the 'Kaho' lineage, and that of 'Oishi-shikinari' was late among its lineage ( Table 2 , Fig. 2 ). However, our results indicate that the average first flowering date of summer inflorescences differed among lineages (Fig. 2) . The genetic basis for these differences, however, has not yet been fully elucidated. Hancock (1999) suggested that four varieties or related species were the sources of everbearing genes in F. × ananassa: an old European variety 'Climax'; the perpetual-flowering types of diploid wild strawberry Fragaria vesca L.; an old American variety 'Pan America', which was a chance seedling or clonal mutation of 'Bismarck'; and a single clone of F. virginiana ssp. glauca from the Wasatch Mountains of Utah, USA, which was the origin of dayneutrality. Although the mutuality of these genes is still unclear, Hancock (1999) suggested that it was also possible that the same major genes might control flowering responses in octoploid strawberries, including the so-called day-neutrals and older everbearers, with modifiers playing the distinguishing role. Recently, Weebadde et al. (2008) detected a locus that might regulate flower bud initiation of everbearing strawberries under hot summer conditions by QTL analysis using the day-neutral variety 'Tribute'. Further, Mouhu et al. (2009) searched homologs of 118 Arabidopsis flowering time genes in F. vesca and identified a gene that was responsible for a continuous flowering habit under longday conditions in everbearing genotypes. With the progress of such studies, the genetic mechanisms involved in the varietal differences in everbearing will be become better understood. The earliness of June-bearing parents in spring may also be involved in the flowering pattern of their everbearing offspring. Barritt et al. (1982) reported that the early-flowering trait of everbearing seedlings was related to the early flowering of the June-bearing parent. Our results seem to support this relationship ( Fig. 5) : everbearing offspring of early-flowering June-bearers flowered earlier in summer and had more inflorescences than those of late-flowering June-bearers. Although further investigation with more samples is needed, this may suggest that the use of early-flowering June-bearers facilitates the breeding of strongly everbearing varieties, unlike late-flowering June-bearers such as 'Kitanokagayaki' and 'Pajaro', which are suitable for semi-forcing and open culture in the cooler regions of Japan.
Examining three varieties, Okimura and Igarashi (1996) suggested that the number of leaves emerging between spring and summer inflorescences and the first flowering date of summer inflorescences might indicate the strength of everbearing. In our study, one-way ANOVA and the Tukey-Kramer test indicated significant differences in these traits among varieties/lines (Fig. 2,  Table 2 ), and their patterns were stable between years (Fig. 3) . Further, significant correlations were found between these leaf and flowering phenological traits and the four traits representing the strength of everbearing (Table 4 ). These results support the hypothesis of Okimura and Igarashi (1996) . Thus, it should prove possible to exclude too-weak and too-strong everbearers by comparing the flowering date of the summer inflorescences or the number of emerged leaves with those of standard varieties such as 'Dekoruju', 'Natsuakari', and 'Appelever' (weak), and 'Pechka', 'Tochihitomi', and 'Ever-berry' (strong). In contrast, the first flowering date of the spring inflorescences was not significantly correlated with the traits representing the strength of everbearing, and therefore may not be effective for selection. Although the h 2 values for the first flowering date of the summer inflorescences and the number of leaves emerging between spring and summer inflorescences were about 0.5, Ukai (2002) suggested that selection based on the mean values of a pedigree was effective for a trait whose broad-sense heritability was not so high. In the evaluation of the strength of everbearing in strawberries, it is important to attend not only to the flowering date and the number of leaves of an individual, but also to those of sibs from the same parents.
